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Nanowires (NWs) have potential for a wide range of new optoelectronic applications. For example, light-

emitting diodes that span over the whole visible spectrum are currently being developed from NWs to overcome

the well known green gap problem. However, due to their small size, NW devices exhibit special properties that

complicate their analysis, characterization, and further development. In this paper, we develop a full optoelec-

tronic simulation tool for NW array light emitters accounting for carrier transport and wave-optical emission

enhancement, and we use the model to simulate InGaAs/GaAs NW array light emitters with different geome-

tries and temperatures. Our results show that NW arrays emit light preferentially to certain angles depending

on the NW diameter and temperature, encouraging temperature- and angle-resolved measurements of NW array

light emission. On the other hand, based on our results both the emission enhancement and light extraction

efficiency can easily change by at least a factor of two between room temperature and 77 K, complicating the

characterization of NW light emitters if conventional methods are used. Finally, simulations accounting for

surface recombination emphasize its major effect on the device performance. For example, a surface recombi-

nation velocity of 104 cm/s reported earlier for bare InGaAs surfaces results in internal quantum efficiencies less

than 30 % for small-diameter NWs even at the temperature of 30 K. This highlights that core-shell structures or

high-quality passivation techniques are eventually needed to achieve efficient NW-based light emitters.

Keywords: semiconductor, nanowire array, light-emitting diodes, light extraction, emission enhancement, sur-

face recombination

I. INTRODUCTION

Nanowires (NWs) are expected to enable several new ap-

plication areas for light-emitting diodes (LEDs). For exam-

ple, nitride NWs have been used to create full red-green-

blue (RGB) display technologies [1], and the recently demon-

strated NW-based ternary nitride templates may finally en-

able creating efficient white-light LED lighting without the

need for lossy phosphors [2]. Moreover, due to special strain-

relaxation properties of NWs, III-V growth on silicon is much

more straightforward with NWs than with bulk growth, mak-

ing NWs a highly viable building block for light emitters in fu-

ture silicon photonics [3]. NW-based light emitters/absorbers

have also been suggested to enable a wide range of new op-

tical biosensing applications to complement today’s electro-

static sensor technologies [4].

Because of their nanoscale dimensions and hence spe-

cial optical and electrical properties, design and analysis

of NW light emitters is challenging. NW light emitters

show strongly geometry-dependent optical properties like

suppressed/enhanced [5, 6], directional [7, 8], and polarized

[7, 8] emission. In a recent work we calculated emission

characteristics of NW array light-emitting diodes using full

wave-optical modeling [5]. We found that the emission en-

hancement (EE) and light extraction efficiency (LEE) of NW

array LEDs depend strongly on the NW diameter due to the

presence of resonant modes. On the electrical side, espe-

cially surface recombination introduces strong geometry de-
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FIG. 1. The nanowire array LED device simulated in this paper.

pendence into the NW LED performance [9]. Kölper et al.

performed full-device modeling of III-N NW LEDs by cou-

pling finite difference-time domain (FDTD) simulations of EE

and LEE to a carrier-density based model of the quantum ef-

ficiency [10]. In addition, Wang et al. developed advanced

and computationally demanding fully coupled optoelectronic

models for NW solar cells which also accounted for sponta-

neous emission and photon recycling [11].

However, future design and analysis of NW-array LEDs re-

quires dedicated studies of their optical and electrical aspects.

In this paper we show that accounting for the interplay be-

tween nano-optics and carrier dynamics is necessary for un-

derstanding new NW-based light emitters. We develop and

carry out full opto-electronic simulations of NW array LEDs,
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calculating the Purcell factor (defined as the modification of

the EE relative to that in a bulk homogeneous material) and

LEE from wave optics and incorporating them in the carrier

transport modeling. The simulations are performed for the

NW array structure shown in Figure 1 at different tempera-

tures ranging from 4K to 300K. The 3000 nm long NWs stand

on a p-type GaAs substrate in a square array with a pitch of

600 nm, and the NW diameter is varied between 20 and 840

nm. The low-bandgap active region (AR) consists of an axial

InGaAs segment of 10 nm in thickness.

Our results show that the emission pattern of such NW ar-

rays exhibits strong angle dependence if the NWs are suffi-

ciently thin. Moreover, due to the temperature dependence of

the emission wavelength, the emission pattern changes drasti-

cally as a function of temperature. Consequently, also the EE

and LEE depend strongly on temperature, in contrast to what

is assumed in the low-temperature characterization of typical

planar LEDs [12, 13]. Supplemented with the optics results,

full-device simulations show that in the device structure cho-

sen for the analysis, neglecting the temperature dependence of

EE and LEE results in an error of over 20 percentage points

in the internal quantum efficiency (IQE). We also show that

surface recombination ruins the IQE of NW light emitters at

small diameters even at very low temperatures, emphasizing

the need for core-shell structures or high-quality surface pas-

sivation techniques.

II. THEORETICAL TOOLS

We model the EE and LEE with the Maxwell equations,

similarly as in Ref. 5. Here, we extend the optics study to

include spatial dependence of the EE and LEE for emission

from varying location along the axis of the NWs, and we study

also the angular dependence of the EE. As input for the op-

tics modeling, we use the refractive index of the materials and

the geometry of the LED. Specifically, from the optics mod-

eling, by integrating the EE over all emission angles to the

top air side and into the substrate, we obtain the Purcell fac-

tor γPur that is the modification of the emission rate relative

to that in the corresponding bulk material. Also, we obtain

the fraction of photons emitted to the top air side Ptop, as well

as into the substrate Psubs, from which the LEE is obtained

as LEE = Ptop/(Ptop +Psubs). Note that in our structure, no

bound (or guided) radiative modes exist in the plane of the

array due to the high refractive index substrate, and hence all

emitted photons couple either to the top or the bottom side

of the structure. Note also that for simplicity and due to the

small size of the low-bandgap AR, we neglect re-absorption

of emitted photons. More details are given in the Supporting

Information.

The charge transport and recombination in the nanowires is

modeled using the drift-diffusion model given by [14]

∇ · (−ε∇φ) = e(p−n+Nd −Na)

∇ ·Jn = ∇ · (−eµnn∇φn) = eR

∇ ·Jp = ∇ · (−eµp p∇φp) =−eR,

(1)

where ε is the static permittivity of the medium, e is the ele-

mentary charge, n, p are the electron and hole densities, Nd ,Na

are the ionized donor and acceptor densities, Jn,Jp are the

electron and hole current densities, µn,µp are the electron and

hole mobilities, and R is the net recombination rate density in-

cluding radiative and nonradiative processes. 3D carrier statis-

tics are assumed throughout the device for simplicity, and the

equation system is solved self-consistently to give steady-state

solutions for the electrostatic potential φ and the quasi-Fermi

potentials φn,φp for electrons and holes, respectively. Note

that the recombination rates and electron and hole densities

also depend on the fields that are solved for. More details

on the model including the required boundary conditions and

constitutive relations are given in Ref. 15.

All the recombination processes have temperature depen-

dences, and radiative recombination furthermore depends on

the local optical density of states as previously described. To

elaborate on the nano-optical effects on radiative recombina-

tion and effects of temperature on all the recombination pro-

cesses, we write the total bulk recombination rate as [16]

R = Rsrh +Rrad +Raug =

(

1

τp(n+n1)+ τn(p+ p1)
+ γPurB+C(n+ p)

)

(

np−n2
i

)

,

(2)

where the total bulk recombination is the sum of nonradiative

Shockley-Read-Hall (SRH), bimolecular radiative and Auger

recombination. Furthermore, τp is the SRH lifetime of holes

assuming a large density of electrons and τn is the correspond-

ing SRH lifetime of electrons, n1 and p1 are the electron and

hole densities when the Fermi level coincides with the trap

level causing the SRH recombination, ni is the intrinsic car-

rier concentration, γPur is the Purcell factor describing EE, B

is the net radiative recombination coefficient for bulk, and C

is the Auger recombination coefficient assuming an equal co-

efficient for nnp and npp Auger processes.

The radiative recombination model of Eq. (2) is based on

assuming that (i) spontaneous emission is dominated by direct

transitions between parabolic conduction and valence bands

and (ii) Boltzmann approximation can be used [16]. Accord-

ing to Refs. [16, 17], the radiative recombination coefficient in

this case depends on temperature as B(T )=B0(T/300K)−3/2,

where B0 is the value of B at 300 K. In other words, the ra-

diative recombination coefficient increases as temperature de-

creases. On the other hand, according to the original paper

by Shockley and Read [18], the SRH lifetimes τn and τp do

not have significant temperature dependence, and therefore

the SRH temperature dependence results primarily from the

temperature dependence of n1, p1 and ni. For the temperature

dependence of Auger recombination, we use a model where

the Auger coefficient C depends on temperature as

C(T ) =C0 exp

[

h̄ωq

k

(

1

300K
−

1

T

)]

, (3)

where C0 is C at 300 K and ωq is the optical phonon frequency,

resulting from the theory of indirect phonon-assisted Auger
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FIG. 2. Emission enhancement (EE) towards the top side of the NW array LED as a function of the polar angle (θ ) and the azimuthal angle

(ψ) with (a) NW diameter of 310 nm and temperature 300 K, (b) NW diameter 300 nm and temperature 77 K, (c) NW diameter 840 nm and

temperature 300K, and (d) NW diameter 840 nm and temperature 77 K, averaged over polarization. Note that θ = 0 corresponds to normally

incident light, that is, light incident parallel to the NW axis, and ψ = 0 corresponds to an incidence plane that is parallel to a symmetry axis

of the square array where neighboring nanowires are separated by the pitch of 600 nm. The 10 nm thick AR is located 100 nm away from the

NW top surface.

processes [16]. In our model the Auger recombination there-

fore decreases as temperature decreases, whereas the SRH re-

combination is only weakly dependent on temperature, simi-

larly as reported for InAs from full band structure calculations

[19].

Due to the large surface-to-volume ratio of NWs, surface

recombination has to be taken into account in the modeling

of InGaAs/GaAs NWs [20]. In our simulations, we employ

the model of SRH-like surface recombination based on Refs.

[15, 21]. Furthermore, to enable 1D charge transport simula-

tions of 3-dimensional NWs, we transform the surface recom-

bination velocity into an effective bulk SRH recombination

parameter similarly as in our recent work [22]. As surface re-

combination is also an SRH-like process, we assume that the

surface recombination velocity has no dependence on temper-

ature as was the case also for the SRH lifetimes in the previous

paragraph.

To account for other temperature dependences, the bandgap

is calculated as a function of temperature using the Varshni

formulation given by Eg(T ) = Eg(T = 0)− αT 2/(T + β ),
where α and β are the Varshni parameters [23]. For the tem-

perature dependence of the refractive index, we use tabulated

data for GaAs with interpolation and extrapolation to the val-

ues at varying wavelength and temperature in Ref. 24. Note

that we use the values for GaAs also for the thin InGaAs AR

segment, since the InGaAs segment is so thin that the differ-

ence in refractive index causes negligible optical effects. The

static dielectric constant and electron/hole mobility follow the

temperature dependences as given in Ref. 25. The static per-

mittivity is given by εr = εr,0(1+1.2×10−4T ), where εr,0 and

ξ are constants. The electron/hole mobilities are interpolated

from the temperature dependences reported in Ref. 25. All

the required material and simulation parameters are listed in

the Supporting Information.

Note that we do not consider mirrors and packaging that

would eventually be needed for efficient devices. On the other

hand, we assume that all the photons emitted into the substrate

are lost, as would normally be the case in a laboratory proto-

type LED. Due to this reason, also the simulated LEEs and

external quantum efficiencies (EQEs) are much lower than in

industrial LEDs, making our results especially well suited for

NW array light emitters at their early development stages. We

choose the composition of the InGaAs in the AR to corre-

spond to a band-to-band emission wavelength of 1310 nm at

300 K, which shifts to 1215 nm at 77 K and 1204 nm at 30 K,

as calculated using the Varshni formulation.
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(a):     - D = 310 nm (c)     - T = 300 K

(b) LEE - D = 310 nm

(d) LEE - T = 300K
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FIG. 3. (a) Purcell factor and (b) LEE as a function of the position of the AR within the NW and temperature for a NW diameter of 310 nm,

and (c) Purcell factor and (d) LEE as a function of the position of the AR within the NW and diameter for a temperature of 300 K. The position

is 0 at the NW top surface and 3000 at the substrate.

III. RESULTS & DISCUSSION

Full optoelectronic simulations were carried out for the NW

structures of Figure 1. We begin here with results from the

optical modeling and continue with the coupled full device

modeling results. Figure 2 shows angle-resolved EE into the

top side of the NWs as a function of the emission angle. The

NW diameters are (a,b) 310 nm and (c,d) 840 nm and the tem-

peratures are (a,c) 300 K and (b,d) 77 K. In Figure 2, the AR

is located 100 nm from the NW top surface. Due to wave-

optical effects and the non-isotropic NW array structure, the

EE shows strong angle dependence both in the polar and az-

imuthal directions. In Figure 2(a), the NWs with diameter

D = 310 nm emit most strongly towards a polar angle close

to 30◦ at T = 300 K. On the other hand, in Figure 2(b) at

T = 77 K, the same LED shows a drastically different emis-

sion pattern due to the modified emission wavelength, and the

emission peaks at a polar angle of roughly 0 degrees. This

suggests that temperature-controlled angle-resolved measure-

ments of axial NW LED structures could give very valuable

insight on the optical response of the structure. More im-

portantly, these results also suggest that the overall EE and

LEE depend on the temperature. Figures 2(c,d) show that

as the NW diameter is increased to 840 nm where the NWs

have merged into an almost continuous film (which occurs at√
2× 600 nm ≈ 849 nm), special angle dependences vanish

and the emission pattern starts to resemble a typical Lamber-

tian pattern.

To get a more complete picture on the nano-optics of the

NW arrays, Figure 3 shows the Purcell factors and LEEs

within a single NW in the array at different temperatures and

diameters. In Figure 3(a), we show the Purcell factor as a

function of the position of the AR within the NW and temper-

ature, assuming a NW diameter of 310 nm. This diameter is

chosen since it supports a resonant mode at 300 K that gives

the strong peaks in the Purcell factor at that temperature in the

right-hand side of Figure 3(a). However, as the temperature

decreases and as the emission wavelength thereby changes,

the emission shifts away from resonant excitation of the mode,

and the Purcell factor decreases strongly. In the LEE for the

same diameter in Figure 3(b), on the other hand, we also see

a strong dependence on the temperature. Note that the LEE

shows minima at 300 K at the spots where the Purcell fac-

tor shows maxima in Figure 3(a), indicating that the EE is

enhanced primarily by emission into the substrate. This sug-

gests that applicable mirrors and packaging are needed even

in NW array LEDs to enhance their light extraction.

The dependence of the Purcell factor and LEE on the NW

diameter is illustrated in Figures 3(c,d). In Figure 3(c), we

see that NWs with a diameter less than 300 nm have Purcell

factors much less than 1, corresponding to strong emission

suppression. On the other hand, the Purcell factor shows two

clear regimes where it obtains high values, namely around the

diameters of 300 nm and 500 nm due to modes in the NWs

that couple efficiently to freely propagating light above and/or

below the NWs. As the diameter approaches large values, the

Purcell factor approaches unity as expected, as the structure

starts to resemble a homogeneous planar device.

The LEE shown in Figure 3(d) shows its highest values at

diameters smaller than 300 nm where the Purcell factor had

low values. In particular, in Figure 3(d) we can identify the

peaks at roughly 180 nm, which correspond to the HE11 reso-

nance (see, e.g., Ref. 7) that couples strongly to optical modes

in air. This means that the NWs emit light primarily towards

air (approximately twice as strongly as into the substrate), so

that the LEE obtains large values even if the overall Purcell

factor remains small. A similar trend was observed experi-

mentally very recently by Hauswald et al. in Ref. 26, where

they saw a decrease in the detected photoluminescence inten-
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sity in GaN NWs as the NW diameter increased from 120

nm to 240 nm. According to their optics simulations, this de-

crease could be fully explained by a similar trend in the LEE

as seen in Figure 3(d) here. Here the LEE shows rather low

values at larger diameters, further highlighting that light emis-

sion is strongest towards the substrate and should eventually

be utilized by, e.g., using a backreflector or flip-chip device

design.

To illustrate how nano-optics affects the full device oper-

ation, we have selected some of the most interesting device

geometries for full device simulation. First of all, we used the

diameter of 310 nm discussed earlier and chose the position of

the AR as the one corresponding to the highest Purcell factor

at 300 K, that is 825 nm from the NW top surface. The Purcell

factor and LEE averaged over all emission angles then were

1.26 and 0.09 at 300 K, respectively, and 0.56 and 0.15 at 77

K. The current-voltage characteristics from the device simu-

lations are shown in Figure 4(a) for 300 K, 77 K, and 30 K,

assuming zero surface recombination (corresponding to per-

fect surface passivation). The Purcell factor and LEE for 77 K

are also used for the 30 K case, as the bandgap dependence on

temperature is almost negligible at the lowest temperatures ac-

cording to Varshni’s model. In Figure 4(a), larger voltages are

needed to drive the LED as temperature decreases, since the

bandgap energy increases and carrier densities in the space-

charge region decrease, as studied in more detail by Kantner

and Koprucki in Ref. 27.

The EQE simulated at 300 K and at 77 K is shown in Figure

4(b) still assuming zero surface recombination, and the curve

’T = 77K, EE assumed independent of T’ illustratively shows

the EQE from an erroneous simulation where the same Pur-

cell factor and LEE were used as for 300 K. Following the

LEE definition used in this work, only those photons that are

extracted into the air side of the device (top side in Figure

1) increase the EQE. Based on Figure 4(b), nano-optical ef-

fects and their dependence on temperature clearly need to be

accounted for to make realistic temperature-dependent full-

device simulations. On the other hand, the IQE of the device

with D = 310 nm is shown in Figure 4(c) at the three differ-

ent temperatures. It can be seen that without surface recom-

bination, the maximum IQE is close to unity already at 77

K due to the enhanced radiative recombination rate and sup-

pressed Auger recombination rate. Therefore the conventional

assumption of the IQE being close to unity at low tempera-

tures (see, e.g., Refs. [12, 13]) is in our case fulfilled already

at 77 K with no surface recombination. However, to simulate a

conventional measurement of the IQE, Figure 4(b) also shows

an IQE estimate obtained by dividing the simulated EQE at

300 K with the simulated EQE at 77 K (’T=300K, estimated’).

As the Purcell factor and LEE have changed with the temper-

ature, the dotted curve gives an estimate for the IQE that is off

by more than 20 percentage points from the real value in this

specific device.

Simulations up to now have not included surface recom-

bination. Figure 5 shows the efficiencies simulated for four

different NW diameters, using the EEs and LEEs from the

optical simulations and accounting for surface recombination

with a modest surface recombination velocity (vsr) 104 cm/s in

T=300K, estimated

(a)

(b)

(c)

FIG. 4. (a) Bias voltage, (b) EQE and (c) IQE of the NW array LED

with diameter 310 nm at 300, 77 and 30 K, assuming ideal surface

passivation. The curve ”T = 77K, EE assumed independent of T” in

(b) is simulated using the same EE and LEE factors as in 300K. In

(c), the curve ”T=300K, estimate” is calculated from the simulation

results as EQE(300K)/EQE(77K).

accordance with Ref. 28. First of all, Figure 5(a) shows signif-

icantly smaller IQEs than Figure 4(c), highlighting that good

surface passivation is needed to make efficient NW LEDs.

In addition, the maximum IQE increases as the NW diame-

ter increases as expected, as the surface-to-volume ratio and

thereby the fraction of surface recombination decreases (or in

other words, the effective carrier lifetime increases for a fixed

vsr). On the other hand, Figure 5(a) also shows that the max-

imum IQE is small in all these cases. The IQE of the NW

device with D = 155 nm is less than 1 % due to the strong

emission suppression discussed earlier and a severe surface

recombination due to its large surface-to-volume ratio.

The EQE of the NW devices is shown for the different NW

diameters in Figure 5(b). Strikingly, it can be seen that the

maximum EQE is no longer a monotonous function of the

NW diameter as was the case with the IQE, since the LEE

is a strongly non-monotonous function of the NW diameter.

Therefore the device with D = 310 nm reaches the highest

maximum EQE of all the devices. Note that the combined ef-

fect of the strong surface recombination and our definition of

the LEE causes the maximum EQE to be only of the order of 1

% for all the devices. The IQE is shown at 30 K in Figure 5(c),

and it is seen that in contrast to the case of zero surface recom-

bination, the IQE here is notably less than unity even at 30 K.

This is in line with Ref. 29, where Feix et al. recently ob-
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(a) v  = 10  cm/s

(b) v  = 10  cm/s

(c) v  = 10  cm/s

sr
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(d) v  = 0sr

FIG. 5. Efficiencies of NW array devices with diameters 155, 310,

495 and 840 nm with a surface recombination velocity (vsr) 104 cm/s:

(a) IQE at 300K, (b) EQE at 300K and (c) IQE at 30K. For compar-

ison, (d) shows the EQE at 300K assuming zero surface recombina-

tion. The labels given in (a) and (b) apply also in (c) and (d).

served strong nonradiative recombination in their InGaN/GaN

NWs that kept the IQE of the NWs low even at 10 K. For com-

parison, Figure 5(d) shows the simulated EQE of the devices

with different diameters with zero surface recombination. It

can be seen that also in this case, the device with D = 310 nm

shows the best performance due to its largest EE and LEE.

In addition, in Figure 5(d), the maximum EQE of the device

with D = 155 nm is comparable to the other devices due to a

smaller total nonradiative rate than in Figure 5(b). However,

as the Purcell factor is much less than 1 for D = 155 nm, the

radiative recombination coefficient is also much smaller than

in the other devices. This means that Auger recombination

becomes larger than radiative recombination already at small

currents.

To give a more concrete picture on how the value of vsr

affects the device performance, in Figure 6 we plot the IQE

of the device with D = 310 nm with surface recombination

v = 0sr

v  = 0sr

(a)

(b)

FIG. 6. IQE of the device with diameter 310 nm simulated with the

surface recombination velocities listed in (a) at temperatures (a) 300

K and (b) 77 K.

velocities listed in the figure. The results are shown both

for room temperature (Figure 6(a)) and that of liquid nitro-

gen (Figure 6(b)). In Figure 6(a) we see that the increasing

surface recombination velocity decreases the peak IQE as ex-

pected. More specifically, vsr = 103 cm/s already drops the

peak IQE of the device to half of its value at vsr = 0. Increas-

ing vsr and the correspondingly increasing effective SRH pa-

rameter also move the peak IQE to larger current densities in

accordance with the explanations given in Ref. 30. In Figure

6(b), as the temperature decreases to 77 K, the peak IQE in-

creases for all the values of vsr as compared to 300 K due to

enhanced radiative recombination and suppressed Auger re-

combination. However, we can see that only the IQEs with

vsr = 0 and vsr = 102 cm/s reach peak values close to 100 %

at the usable current density range shown in the figure. Note

that based on previous Figures 5(a) and 5(c), surface recombi-

nation becomes less significant as the NW diameter increases.

The optical calculations of this paper were done assuming

that the NW array and the substrate are in air. Accounting for

the oxide and contact layers in Figure 1 would affect some

of the quantitative details of the results but not the general

observations and effects. In addition, photon recycling was

not accounted for in this paper, but we expect it to have only

very minor effects due to the small size of the axial AR as

compared to the full structure. However, photon recycling

would need to be accounted for in more complex structures

with larger ARs, such as radial core-shell structures.

IV. CONCLUSIONS

In conclusion, we carried out coupled optical-electrical de-

vice simulations of NW light emitters accounting fully for

nano-optical modifications in the emission enhancement and

light extraction efficiency. The results showed that NWs
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emit light preferentially to certain directions depending on

the size of the NWs and ambient temperature, strongly moti-

vating angle- and temperature-resolved measurements of NW

light emission. Consequently, also the EE and LEE were

strongly temperature-dependent, and the coupled optical-

electrical simulations showed that this complicates the mea-

surement of the IQE of NW LEDs. Finally, simulations

carried out with selected surface recombination velocities

showed that even a velocity of 104 cm/s resulted in IQEs less

than 30 % at low temperatures in the small-diameter NWs.

This highlights that core-shell structures or high-quality passi-

vation techniques are needed in order to pursue efficient NW-

based devices.

SUPPORTING INFORMATION

Material parameters used in the simulations as well as a

detailed description of the optical model can be found in the

supporting information.
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